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ELECTRO- OPTICAL MODULATION AND OTHER OPTICAL APPLICATIONS USING 
POLED OPTICAL WHISPERING GALLERY MODE RESONATORS 

[0001] This application claims the benefit of U.S. Provisional 

5 Application No. 60/444,432 entitled ELECTRO -OPTICAL MODULATION 

WITH PERIODICALLY POLED WHISPERING GALLERY MODE CAVITIES'' and 

filed on February 3, 2003. 

[0002] This application further claims the benefit of U.S. 
Patent Application No. 10/447,673 entitled ''NONLINEAR OPTICAL 
10 WHISPERING GALLERY MODE RESONATORS'' and filed on May 28, 2003. 
The U.S. Patent Application No. 10/447,673 itself claims the 
benefit from U.S. Provisional Application No. 60/383,869 filed 
on May 28, 2002 . 

[0003] The entire disclosures of the above referenced patent 
15 applications are incorporated herein by reference as part of 
this application. 

Statement Regarding Federally Sponsored Research 
[0004] The devices, systems and techniques described herein were 
20 made in the performance of work under a NASA contract, and are 
subject to the provisions of Public Law 96-517 (35 USC 202) in 
which the Contractor has elected to retain title. 
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Backgroxind 

[0005] This application relates to modulation of light and other 
optical applications based on optical whispering-gallery-mode 
( ''WGM'' ) resonators . 

[0006] Optical modulation is widely used in various applications 
such as optical communication and signal processing where light 
is modulated to carry certain information. Light may be 
modulated in amplitude or in phase. Electro-optical materials 
changes their refractive indices in response to applied 
electrical fields and hence may be used to modulate light. 
[0007] Optical modulation may be implemented in WGM resonators. 
Examples for implementing optical modulation in WGM resonators 
may be found, e.g., U.S. Patent No. 6,473,218. A dielectric 
material may be shaped to form a WGM resonator which supports a 
special set of resonator modes Jcnown as whispering gallery 
C'WG") modes. These modes represent optical fields confined in 
an interior region close to the surface of the resonator due to 
the total internal reflection at the boundary. Microspheres 
with diameters from few tens of microns to several hundreds of 
microns have been used to form compact optical WGM resonators. 
Such spherical resonators include at least a portion of the 
sphere that comprises the sphere's equator. The resonator 
dimension is generally much larger than the wavelength of light 
so that the optical loss due to the finite curvature of the 
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resonators is small. As a result, a high quality factor, Q, may 
be achieved in such resonators. Some microspheres with sub- 
millimeter dimensions have been demonstrated to exhibit very 
high quality factors for light waves, ranging from 1000 to 109 
for quartz microspheres. Hence, optical energy, once coupled 
into a whispering gallery mode, can circulate within the WGM 
resonator with a long photon life time. 

[0008] Such high Q values are generally difficult and expensive 
to obtain in conventional Fabry-Perot optical resonators formed 
with mirrors. The capability of producing high Q values makes 
the WGM resonators useful for optical modulation and other 
optical processes. 

Summary 

[0009] This application describes, among others, various 
examples and implementations of optical techniques and 
associated devices that use poled nonlinear materials in optical 
whispering-gallery-mode C'WGM") resonators for optical 
modulation. In one implementation, the optical material of a 
WGM resonator includes a plurality of nonlinear sectors within 
the optical resonator and nonlinear coefficients of two adjacent 
sectors are oppositely poled to achieve a quasi phase matching 
condition. Such a WGM resonator may include at least part of a 
sphere or may have a non- spherical shape such as a spheroidal 
shape . 
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[0010] The poled sectors in the poled WGM resonators may be 
configured to provide a quasi phase matching condition for 
nonlinear mixing of three electromagnetic waves in various 
applications. The high Q factors of WGM resonators allow for 
5 efficient nonlinear wave mixing at a low threshold power. In 
some implementations, three optical waves may be nonlinearly 
mixed to produce optical parametric oscillations. For example, 
an optical pump beam may be used to pump a properly poled 
nonlinear WGM resonator to produce an idler and a signal at 
10 wavelengths different from the pump wavelength. The idler and 
signal waves are supported in WG modes and may be at wavelengths 
different from each other in a nondegenerate mode or at the same 
wavelength in a degenerate mode. 

[0011] Examples of optical modulation based on poled WGM 
15 resonators are described. In one implementation, a device 

includes an optical resonator and an electrical waveguide. The 
optical resonator is configured to support whispering gallery 
modes and includes sectors that are optically nonlinear and each 
exhibit an electro-optical effect. The nonlinear coefficients 
20 of two adjacent sectors are oppositely poled. The electrical 
waveguide is located relative to the optical resonator to guide 
an electrical oscillation signal into the optical resonator to 
spatially overlap with the whispering gallery modes and to 
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modulate an index of the optical resonator via the electro- 
optical effect. 

[0012] In another implementation, a method is also described in 
which an optical resonator is used to receive an input optical 
5 signal. The optical resonator has a geometry to support 

whispering gallery modes and includes sectors whose nonlinear 
coefficients are oppositely poled between two adjacent sectors. 
The sectors each exhibit an electro-optical effect. An 
electrical oscillation signal is coupled into the optical 

10 resonator to spatially overlap with the whispering gallery modes 
and to produce an output optical signal having a modulation at a 
frequency of the electrical oscillation signal. 
[0013] In yet another implementation, a device is described to 
include an optical resonator, an electrical waveguide, and means 

15 for coupling an input optical signal into the optical resonator 
and an output optical signal out of the resonator. The optical 
resonator is configured to support whispering gallery modes and 
includes a nonlinear optical material exhibiting a second-order 
nonlinear effect and an electro-optical effect. The nonlinear 

20 optical material includes sectors arranged in a quasi phase 
matching configuration for nonlinear wave mixing of the input 
optical signal in a first whispering gallery mode, the output 
optical signal in a second whispering gallery mode, and an 
electrical oscillation signal spatially overlapping with the 



-5- 



PATENT 

ATTORNEY DOCKET NO. 06618/927001/CIT3841/OE035 

whispering gallery modes. The electrical waveguide is located 
relative to the optical resonator to guide the electrical 
oscillation signal into the optical resonator to spatially 
overlap with the whispering gallery modes and to modulate an 
5 index of the optical resonator. 

[0014] These and other implementations are now described in 
greater detail in the following figures, the detailed 
description, and the claims. 
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Brief Description of the Drawings 
[0015] FIGS. 1, 2, 3, 4A, and 4B illustrate various exemplary 
resonator configurations that support whispering gallery modes 
and are formed from nonlinear optical materials. 
[0016] FIGS. 5A and 5B illustrate two exemplary evanescent 
couplers for a nonlinear WGM resonator. 

[0017] FIG. 6 shows the calculated poling period as a function 
of the radius of a nonlinear WGM resonator formed with a z-cut 
LiNbOa crystal, where the poling period decreases as the radius 
decreases . 

[0018] FIG. 7 shows calculated average detunings of the signal 
frequency from the nearest WG mode resonance frequency of a 
nonlinear WGM resonator formed with a z-cut LiNbOa crystal as a 
function of the resonator radius, where the pump field is at 
1.064 |im and in resonance with a WG mode. 

[0019] FIG. 8 shows spatial mode profiles inside a nonlinear WGM 
resonator for R =0.64 mm and pump wavelength at 1064 nm, where 
the zero coordinate corresponds to the cavity boundary and the 
evanescent filed outside the resonator is neglected in the 
computation for high-Q WGMs. 

[0020] FIGS. 9A and 9B show two exemplary designs of the 
oppositely poled sectors in nonlinear WGM resonators. 
[0021] FIG. 10 shows the calculated envelope function for 
amplitudes of Fourier coefficients of the symmetrically arranged 
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sectors in a nonlinear WGM in FIG. 9A for R =0.64 mm and pump 
wavelength at 1064 nm. 

[0022] FIG. 11 shows the calculated envelope function for 
amplitudes of Fourier coefficients of the parallel stripe 
5 sectors in a nonlinear WGM in FIG. 9B f or' R =0.64 mm and pump 
wavelength at 1064 nm. 

[0023] FIG. 12 shows one exemplary nonlinear WGM having non- 
equidistant parallel poling stripes. 

[0024] FIGS. 13A and 13B illustrate one example of an electro- 

10 optical modulator using a poled WGM resonator. 

[0025] FIG. 14 shows a measured spectrum of an exemplary 
toroidal lithium notate cavity, where the main, nearly 
equidistant WGM sequence is for v, q =1, and 1=1. 
[0026] FIG. 15 shows amplitude profiles of WGMs with different 

15 values of q. 

[0027] FIGS. 16A, 16B, 17A, and 17B show four different poling 
patterns for lithium niobate resonators that allow for 
interaction of two different WGMs and a microwave field. 
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Detailed Description 
[0028] Whispering-gallery modes (WGMs) in optical microcavities 
can provide attractive implementations of certain nonlinear 
optical effects because of their small mode volumes and high 
5 quality factors Q. Among various nonlinear optical effects, 

parametric nonlinear interactions among WG modes may be achieved 
in a nonlinear WGM cavity with a high efficiency if the WGM 
cavity that supports WGMs is fabricated from a low- loss 
nonlinear material. However, in various implementations, 

10 nonlinear parametric interactions are usually strongly forbidden 
by phase matching conditions due to the conservation of momentum 
of photons. This is because WGMs of a dielectric cavity that 
possess the rotational symmetry are orthogonal to one another in 
the momentum space. Under these circumstances, parametric 

15 interaction can occur when the symmetry of the system is broken 
or modified. 

[0029] One of features of the nonlinear WGM resonators described 
here is to facilitate efficient nonlinear optical interactions 
of different WG modes. As one example, the nonlinear optical 
20 material of a WGM resonator may include multiple sectors within 
the optical resonator and nonlinear coefficients of two adjacent 
sectors are oppositely poled. The sectors may be symmetrically 
arranged with respect to a center of the optical resonator, or 
may be parallel stripes across the optical resonator. The 
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following sections first describe various exemplary WGM 
resonator configurations suitable for implementing nonlinear WGM 
resonators and then describe specific examples of nonlinear WGM 
resonators and their applications, such as optical parametric 
5 oscillators, second harmonic devices, and electro-optical 
optical modulators. 

[0030] FIGS. 1, 2, and 3 illustrate three exemplary geometries 
for implementing the WGM resonators with nonlinear optical 
dielectric materials. 

10 [0031] FIG. 1 shows a spherical WGM resonator 100 which is a 
solid dielectric sphere formed from a nonlinear optical 
material. The sphere 100 has an equator in the plane 102 which 
is symmetric around the z axis 101. A WG mode exists around the 
equator within the spherical exterior surface and circulates 

15 within the resonator 100. The spherical curvature of the 

exterior surface around the equator plane 102 provides spatial 
confinement along both the z direction and its perpendicular 
direction to support the WG modes. The eccentricity of the 
sphere 100 generally is low. 

20 [0032] FIG. 2 shows an exemplary spheriodal microresonator 200 
formed from a nonlinear optical material. This resonator 200 
may be formed by revolving an ellipse (with axial lengths a and 
b) around the symmetric axis along the short elliptical axis 101 
(z) . The eccentricity of resonator 100 is (1-b^/a^)^^^ and is 

-10- 



PATENT 

ATTORNEY DOCKET NO. 06618/927001/CIT3841/OE035 

generally high, e.g., greater than 10"^. Hence, the exterior 
surface is the resonator 200 is not part of a sphere and 
provides more spatial confinement on the modes along the z 
direction than a spherical exterior. The equator plane 102 at 
5 the center of the resonator 200 is perpendicular to the axis 101 
(z) and the WG modes circulate near the circumference of the 
plane 102 within the resonator 200. 

[0033] FIG. 3 shows another exemplary WGM resonator 300 which 
has a non- spherical exterior where the exterior profile is a 

10 general conic shape which can be mathematically represented by a 
quadratic equation of the Cartesian coordinates. Similar to the 
geometries in FIGS. 1 and 2, the exterior surface provides 
curvatures in both the direction in the plane 102 and the 
direction of z perpendicular to the plane 102 to confine and 

15 support the WG modes. Such a non- spherical , non-elliptical 
surface may be, among others, a parabola or hyperbola. 
[0034] The above three exemplary geometries in FIGS. 1, 2, and 3 
share a common geometrical feature that they are all axially or 
cylindrically symmetric around the axis 101 (z) around which the 

20 WG modes circulate in the plane 102. The curved exterior 
surface is smooth around the plane 102 and provides two- 
dimensional confinement around the plane 102 to support the WG 
modes . 
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[0035] Notably, the spatial extent of the WG modes in each 
resonator along the z direction 101 is limited above and below 
the plane 102 and hence it may not be necessary to have the 
entirety of the sphere 100, the spheroid 200, or the conical 
5 shape 300. Instead, only a portion of the entire shape around 
the plane 102 that is sufficiently large to support the 
whispering gallery modes may be used to for the WGM resonator. 
For example, rings, disks and other geometries formed from a 
proper section of a sphere may be used as a spherical WGM 
10 resonator. 

[0036] FIGS. 4A and 4B show a disk-shaped WGM resonator 400 and 
a ring-shaped WGM resonator 420, respectively, formed from 
nonlinear optical materials. In FIG. 4A, the solid disk 400 has 
a top surface 4 01A above the center plane 102 and a bottom 

15 surface 401B below the plane 102 with a distance H. The value 
of the distance H is sufficiently large to support the WG modes. 
Beyond this sufficient distance above the center plane 102, the 
resonator may have sharp edges as illustrated in FIG. 3, 4A, and 
4B. The exterior curved surface 4 02 can be selected from any of 

20 the shapes shown in FIGS. 1, 2, and 3 to achieve desired WG 

modes and spectral properties. The ring resonator 420 in FIG. 
4B may be formed by removing a center portion 410 from the solid 
disk 400 in FIG. 4A. Since the WG modes are present near the 
exterior part of the ring 420 near the exterior surface 402, the 
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thickness h of the ring may be set to be sufficiently large to 
support the WG modes. 

[0037] An optical coupler can be used to couple optical energy 
into or out of the WGM resonator by evanescent coupling. FIGS. 
5 5A and 5B show two exemplary optical couplers engaged to a WGM 
resonator. The optical coupler may be in direct contact with or 
separated by a gap from the exterior surface of the resonator to 
effectuate the desired critical coupling. FIG. 5A shows an 
angle-polished fiber tip as a coupler for the WGM resonator. 

10 FIG. 5B shows a micro prism as a coupler for the WGM resonator. 
Other evanescent couplers such as a coupler formed from a 
photonic bandgap material may be used. A single optical coupler 
may be used to couple one or more input signals into the 
nonlinear WGM resonator. Separate optical couplers may be used 

15 to respectively couple different input signals into the 
resonator. Optical coupling of an output signal from the 
resonator may be achieved by sharing an input coupler or by 
using a designated output coupler. 

[0038] In WGM resonators with uniform indices, a part of the 
20 electromagnetic field of the WG modes is located at the exterior 
surface of the resonators- A gap between the optical coupler 
and the WGM resonator with a uniform index is generally needed 
to achieve a proper optical coupling. This gap is used to 
properly "unload" the WG mode. The Q-f actor of a WG mode is 
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determined by properties of the dielectric material of the WGM 
resonator, the shape of the resonator, the external conditions, 
and strength of the coupling through the coupler (e.g. prism) . 
The highest Q- factor may be achieved when all the parameters are 
5 properly balanced to achieve a critical coupling condition. In 
WGM resonators with uniform indices, if the coupler such as a 
prism touches the exterior surface of the resonator, the 
coupling is strong and this loading can render the Q factor to 
be small. Hence, the gap between the surface and the coupler is 

10 used to reduce the coupling and to increase the Q factor. In 
general, this gap is very small, e.g., less than one wavelength 
of the light to be coupled into a WG mode. Precise positioning 
devices such as piezo elements may be used to control and 
maintain this gap at a proper value. 

15 [0039] The technical problems of creating efficient nonlinear 
optical wave mixing with whispering-gallery modes are caused by 
at least two sources: frequency -dependent dispersion of the host 
material of the dielectric cavity and dispersion introduced by 
the internal geometrical mode structure. WGMs of high orders 

20 may be understood in an analogy to dielectric optical 

waveguides. WGMs have dispersion that depends on geometry, 
similarly to waveguides. The frequency of a high-order TE WGMs 
may be estimated from the following equation: 

• 14-. 
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= V + « 



2j 



20 



(1) 



where A is the wavelength in vacuum; v is the mode order; €{X) is 
the susceptibility of the nonlinear material; J? is the radius of 
5 the cavity; and a^is the gth root of the Airy function Ai(-z), 

which is 2,338, 4.088, and 5.521 for q = 1, 2, and 3, 
respectively. 

[0040] Equation (1) can be derived under the assumption that the 
cavity is a central part of a dielectric sphere or spheroid. As 

10 described above, because the main sequence of WGMs is localized 
close to the sphere equator it is possible to remove an unused 
part of the sphere to create a disk cavity without changing the 
mode spectrum. The angle distribution of the field is 
determined by Yv,m spherical functions with angular number v and 

15 magnetic number m. For the main sequence of WGMs, it is 
assumed that w = v. The radial WGM profile for a spherical 
cavity is ^{r) = Jy^y2i^V^ ^ where Jy^^/2(kr)is a Bessel function of 
the first kind and v= 0, 1, 2, 3,.... The mode spectrum 
results from the boundary condition T(/')->0 for r — > 00 and 0 . 

20 Equation (1) is valid for WGMs characterized by v >>1. 

[0041] In fabrication of nonlinear WGM resonators, it may be 
difficult to directly cut a nonlinear material such as a crystal 

-15- 
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into a desired WGM resonator shape. Hence, in one 
implementation, it may be more practical to fabricate a 
nonlinear optical WGM cavity by polishing the rim of a 
dielectric cylinder cut from a crystal wafer. The rim of such a 
5 cavity may not necessarily be spherical to maintain high-Q and 
small volume WGMs . For example, the rim may be spheroidal or 
even conical in shape as discussed above. Calculation of the 
spectrum of an arbitrary dielectric spheroid can be 
complicated. However, Equation (1) may still be used for 

10 estimating the main mode sequence in a WGM spheroidal resonator. 
[0042] For example, a commercial electro-optic nonlinear 
crystal in a form of a flat Z-cut LiNbOs substrate may be 
polished to form a spheroidal WGM resonator. In this 
configuration, the TE modes correspond to the extraordinary waves 

15 in the nonlinear material LiNbOa. Consider a degenerate optical 
parametric oscillator (OPO) pumped at p= 1064 nm to generate 

signal and idler signals at a wavelength 212 8 nm {A.s=A,i) . 
Susceptibilities for the pump wave at 10 64 nm, the signal wave 
at 2128 nm, and the idler wave at 2128 nm in WG modes in 
20 this Z-cut LiNbOa WGM resonator are £:((ty^)= 4.657 and 

^(6>,)= £^(^y,.) = 4.513 , respectively- To achieve the desired phase 
matching condition for an efficient OPO in a bulk, congruent 
LiNbOa, the crystal may include a series of periodic sectors 
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along the directions of the signals where two adjacent sectors 
are poled to have opposite phases in their second-order 
nonlinear coefficients. This allows for a "quasi phase 
matching" condition. The desired poling periods for different 
5 sectors of LiNbOa satisfy the following quasi phase matching 
condition: 

k^-K-k,- — -Q, (2) 

A 

10 where kp , , and ki are the wave vectors of the pump, the 

signal, and the idler optical signals, respectively. For the . 
degenerate case, the poling period can be determined by 

K 

A= ^ f— ^3l.61/im . (3) 

15 

[0043] A WGM cavity fabricated from the same Z-cut LiNbOa 
material under a quasi phase matching condition should have a 
different poling period than the above bulk design because of the 
dependence of the mode dispersion on the WGM cavity's 
20 geometrical parameters. In general, the smaller the WGM cavity, 
the shorter the period. 
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[0044] FIG. 6 shows the calculated poling period of this 
WGM resonator as a function of the radius of the equator 
plane of the WGM resoantor. There is no guarantee that the 
pump and the signal frequencies are both resonant with the 
5 cavity WG modes. To characterize this possibility, the pump is 
assumed to be resonant with a cavity WG mode to determine the 
frequency detuning as follows: 



A CO 

--^-2Q,, (4) 



10 



where and Qg are respectively the half -linewidth and the 
quality factor of the signal mode, ==0)j{2y^) ; is the 
frequency of the cavity WG mode that minimizes A. If the 
condition of A/y^<l is met, the signal frequency is said to be 

15 resonant with the cavity WG mode. 

[0045] The dependence of the detuning on the WGM cavity 
radius in not simple. FIG. 7 shows the average dependence for Qs 
= lO''. The result in FIG. 7 suggests that the smaller the WGM 
cavity, the less the probability that it has both resonant 

20 frequencies ey^and 0)^/2. As shown in FIG. 7, the cavity radius 
should exceed 2 mm for this condition to be fulfilled. However, 
the condition A/y, <1 is not critical for smaller WGM cavities. 
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The frequency difference may be compensated for by application 
of a DC bias electric field to the WGM cavity through proper 
electrodes formed on the LiNbOa WGM cavity to change the index of 
the crystal. This DC field moves modes of different frequencies 
5 in a different way to achieve the desired frequency matching in 
the system. 

[0046] As a more specific example, consider a WGM cavity 
with a radius R of 0 . 64 mm to examine its main mode sequence for 
2.338 in Equation (1). The mode that is resonant with the 

10 pump field at 1064 nm has a mode index v^=8156. For the signal 
and idler modes at 2128 nm, the mode index is Vj=V;=4004. Because 
-v^ -V,. =148>1 there is no parametric interaction in the system 
unless the nonlinear index of refraction of the cavity material is 
modulated with the period determined by the number = - -^z • 

15 Modulation with period is indeed the basis for the result shown 
in FIG. 6, because Vj^/v, increases as R decreases. This 
periodicity also results in phase matching for degenerate 
parametric frequency down conversion with pump radiation of 
1.056 iim, 1.049 |am, 1.041 jam, and so on. 

20 [0047] The approximate modulation period in this example is 
27.3 //m. This periodic modulation in the WGM resonator may be 
achieved by periodic poling of the cavity material. FIG. 8 
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shows the mode profiles of the pump and signal beams in the OPO 
in the WGM resonator formed with the Z-cut LiNbOa. The volumes 
of the pump mode, the signal-idler mode, and modes' overlap are 
1.7 X lO"*^, 4 X 10""^, and 1.5 x 10"*^ cm^, respectively. The mode 
5 volumes can also be estimated by use of the asymptotic 

expression of ^InRxlRil^r/v^y'^ x(r/v^J^) , where 2;dl is the length 
of the cavity rim, 2R{2nlVpf^^ is the mode size in the Z 
direction, and (i2/v^^^) is the radial size of the mode. The 

optimization of the poled WGM resonator is specific to the pump 
10 wavelength. In this example, the radius of the spherical WGM 

resonator is 0.64 mm and the pump wavelength is 1064 nm. 

[0048] The radius of the cavity is contained only in the 

ratio of (R/X) in Equation (1) . Therefore the phase matching 

established by the periodic poling of the cavity material is 
15 stable with respect to the change in the radius, and the change 

in radius may be compensated for by fine tuning of the pump 

laser frequency. 

[0049] The threshold for parametric oscillation in the above 
WGM cavity may be estimated as follows. The interaction 
20 energy between the pump and the signal modes may be written as 

v= J x^'^E^dV , (5) 
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where the second-order nonlinear coefficient x^^^ varies with 
position in the WGM cavity, Bp and Eq are the pump and the 
signal mode amplitudes, respectively (where the signal mode 
coincides with the idler mode) , and V is the volume of the 
5 WGM cavity. The mode amplitudes can be approximately expressed 
as follows : 



4',(/-)exp((Vp^)i, exp(- imt) + 

adjoint, (6) 



10 E. = 



= |^^^4'^(r)exp(/v>)^z, exp(- ico^t) + adj oint , 



(7) 



where ai and ai^ (i = p, s) are annihilation and creation 
operators for the mode, ^^(r) and 4',(r) are the normalized mode 

spatial profiles such that V^^ ^\V^^{rf dVif^ p,s) , cOp and (Og are the 

15 mode frequencies, and ^^and are the susceptibilities of the 

material for the pump and the signal modes, respectively. It is 
assumed that the nonlinearity of the medium is modulated such 
that it has a Fourier component that matches the signal and pump 
modes : z^^^ 2^^^^ cos[(v^ - 2v, )^] . 

20 [0050] Based on the above, the interaction Hamiltonian under 
the slowly varying amplitude and phase approximation can be 

^21- 
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expressed as the following: 



H = hg[{aja^+a^a^], (8) 
5 where the coupling constant is 



Xl/2 



(9) 



and V^^^- ^ ^]dV <V^ , and is the mode overlap integral. Using 
this Hamiltonian, the equations of motion can be expressed as: 



10 



(10) 



15 where Fp and Fs are the Langevin forces and and are pump 

and signal decay rates, respectively. The expectation value <Fp> 
describes the pumping from outside the system. The following 

expression can be derived \fJ^ / yl = AW^Q^ /{hcol) , where Qp=0)p/{^yp) is 

the mode quality factor and Wp is the power of the pump 
20 radiation. Solving Eqs. (10) and (11) in a steady state and 
neglecting quantum fluctuations, the expectation value of the 
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generated photon number for the signal is : 




J 



(12) 



5 This result leads to the following threshold condition for the 
parametric oscillation: 



=4.5,jc<'^=10"'CGiS'£,(y^ =2xlO'^5-\a =10\ the threshold value is 

about 0.1 jxW, which is orders of magnitude less than that of other 
OPO devices, e.g., 0.5 mW for similar wavelengths. This result 
suggests that that the toroidal WGM cavity is better than the 

15 total-internal-reflection cavity used in other OPOs pumped at 
1064 nm. The oscillation threshold depends on the mode volume 
and the mode overlap integral. Hence, the mode volume may be 
reduced and the integral in WGM cavity may be increased to reduce 
this OPO threshold power. 

20 [0051] FIGS. 9A and 9B show two exemplary sector configurations 
for a nonlinear WGM resonator. FIG. 9A shows a first poling 



W> 




(13) 



10 For realistic parameters /F, = 0.5, = 2x10"^ c/w^,^^ = 4.6, 
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geometry which is symmetric with respect to the center of the 
cavity. Under this design, the nonlinear index coefficient is 
modulated with a periodic reversal of the sign of the second- 
order nonlinear coefficient and the corresponding Fourier 
5 coefficient for the first (fundamental) harmonic is 2/71, as in a 
periodically poled bulk material under the quasi phase matching 
condition. FIG. 10 shows the dependence of the Fourier 
coefficients on the inverse poling period for the nonlinear WGM 
resonator in FIG. 9A, where the discrete spectrum is averaged 
10 and the envelope function is plotted as a function of the 
inversed grating period. 

[0052] Fabrication of centrally symmetric poling as in FIG. 9A 
can be a difficult task. It may be economical to use a slice of 
commercially available periodically poled LiNbOa to form a WGM 
15 resonator. FIG. 9B shows one implementation of this resonator 
where the cavity has poled parallel stripe sectors instead of 
symmetric sectors. For such poling, a wave that travels close 
to the cavity surface sees a nonlinear grating with a changing 
period. 

20 [0053] FIG. 11 shows an envelope function for the Fourier 

decomposition for the parallel stripe poling pattern in FIG. 9B- 
Because the grating does not have a fixed step with respect to 
the electromagnetic wave, the maximum Fourier component is less 
than the more efficient symmetric poling in FIG. 9A. As a 
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result, the threshold power for the OPO in the resonator in FIG. 
9B is higher than that of the resonator in FIG. 9A, e.g., by a 
factor of 11 in the specific example in FIG. 11. However, the 
spectrum of the grating is broad enough to simplify working with 
5 the cavity and to make possible multi frequency parametric 
oscillations in the system. 

[0054] It is further contemplated that the parallel stripe 
poling may use nonequidistant poling stripes. Such 
nonequidistant poling stripes may create more-periodic poling 
10 and change the spectrum. Nonequidistant poling stripes and 
other complex poling structures may be implemented to achieve 
the desired quasi phase matching conditions. 

[0055] FIG. 12 shows one exemplary nonlinear WGM having non- 
equidistant parallel poling stripes where the widths of stripes 

15 decrease from the center of the WDM to the outer edge of the WGM 
along the direction perpendicular to the poling stripes. In one 
implementation, the equator of the WGM may be divided into 
sections, e.g., with equal arc angles, to define the parallel 
poling stripes with varying widths. In particular, if the 

20 period changes as a function of sin(|), then poling period 

experienced by a WG mode may be effectively periodical because 
as the WG mode propagates around the periphery of the resonator. 
In FIG. 12, the thick parallel lines are domain boundaries 



PATENT 

ATTORNEY DOCKET NO. 06618/927001/CIT3841/OE035 

between oppositely poled material and thin lines denote equal 
angular sectors. 

[0056] Notably, nonlinear WGM resonators described here may also 
be used to produce nondegenerate parametric interactions. 
5 Because of the low threshold for the OPO operation, such a 
nonlinear WGM resonator may also be reversed and used as a 
detector of long-wavelength radiation by means of its direct 
upconversion into light. The maximum wavelength of the 
radiation is determined by the cavity size. To maintain low 
10 radiative losses, the order of the cavity mode should be 

sufficiently large. For example, for detection of radiation, 
the cavity should have a radius of at least 3.5 mm in some 
applications . 

[0057] Hence, optical parametric oscillators and other nonlinear 
15 optical devices may be constructed based on the above and other 
poled nonlinear electro-optic WGM resonators. In one 
implementation, such a WGM resonator may include a nonlinear 
optical material to support whispering gallery modes. The 
nonlinear optical material includes multiple sectors within the 
20 optical resonator and nonlinear coefficients of two adjacent 
sectors are oppositely poled. For example, the nonlinear 
optical material may exhibit a second-order nonlinear optical 
effect such as LiNbOa or LiTaOa. The poled sectors may have 
different arrangements. For example, the sectors may be 
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symmetrically arranged with respect to a center of the optical 
resonator or are parallel stripes across the optical resonator. 
[0058] In operation, an optical beam at a first wavelength may 
be coupled into the optical resonator to convert light at the 
5 first wavelength into light at a second, different wavelength. 
Various nonlinear optical effects may be achieved, including the 
second harmonic generation, parametric oscillation and 
amplification, and optical modulation based on a nonlinear 
optical effect. The conversion of light may include a second 

10 harmonic generation process where the second wavelength is one 
half of the first wavelength. The conversion of light may be a 
parametric oscillation process and another optical beam at a 
third wavelength is coupled into the optical resonator. 
[0059] In the above examples of parametric oscillators, three 

15 electromagnetic waves (i.e., the pump, the idler, and the 

signal) are optical waves. When the idler wave is an electrical 
oscillation signal (e.g., a microwave or radio frequency signal) 
and the pump and the signal are two optical signals in different 
WG modes, poled WGM resonators may be formed by nonlinear 

20 electro-optical materials and may be operated to produce optical 
modulations from the modulations in the microwave or RF signals. 
Under proper conditions, it is possible to achieve the 
parametric interaction among running light -wave and microwave 
radiation in a poled WGM cavity as well as single- sideband 
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electro-optical modulation by use of nonequidistant modes of a 
poled WGM cavity. In such devices, the nonlinear optical 
material for the WGM resonator exhibits an electro-optical 
effect and thus the index changes as the electric field changes. 
5 One or more electrodes may be formed on the WGM resonator to 
apply a control electrical signal as the idler wave to mix with 
the optical pump and the optical signals and to change the 
index. This change in the index causes modulation of the light 
produced by the nonlinear interaction based on the quasi phase 
10 matching condition. The control signal may co-propagate with 
the optical pump and signal waves in WGM modes to circulate 
around the WGM resonator. 

r 

[0060] Specific implementations of electro-optic modulators 
based on poled WGM resonators are described below. 

15 [0061] Some communication applications require devices 

capable of receiving, transforming and processing signals in the 
millimeter wavelength domain. Electra-optic modulators (EOMs) 
based on electromagnetic wave interaction in nonlinear WGM 
optical cavities may be used to construct devices to meet these 

20 and other needs in communications and other applications. 

Optical cavity-based WGM EOMs allow for reduction of microwave 
operating power compared with some modulators that do not use an 
optical cavity. The WGM modulators described here use a WGM 
cavity made with a second-order nonlinearity material, such as 
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LiNbOs or LiTaOs. Quality factors of WGMs may be large enough 
because of small optical losses in the materials. Even a small 
voltage applied across the area of confinement of the optical 
field can be sufficient to induce a change in the frequency of 
5 the WGM with a magnitude comparable to its linewidth. This 
forms the basis for an efficient modulation in the described 
examples . 

[0062] The operation of electro-optic modulation in poled 
nonlinear WGM resonators is based on three wave mixing in the 

10 nonlinear WGM resonators. The pump and signal waves are optical 
waves in WG modes of the cavity. The idler mode is an 
electrical oscillation signal, e.g., at a wavelength in a 
millimeter range and the idler needs a metal waveguide system to 
be confined in the interaction region of the optical cavity 

15 where the WG modes are present. To achieve the modulation, the 
cavity is optically pumped to have a pump wave in a WGM mode 
while the electrical oscillation signal (e.g., a microwave 
radiation) being simultaneously sent into the system. The 
efficient optical -microwave interaction may occur when the 

20 frequency difference or sum of the optical and microwave pumping 
coincides with resonant frequency of another, signal, WGM mode. 
Such an interaction, however, may be forbidden by the phase 
matching conditions. 
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[0063] In the examples described below, poled nonlinear 
optical WGM cavity may be used to provide a quasi phase matching 
condition to allow for the nonlinear interaction. For example, 
periodical poling of the second-order nonlinear coefficient y}^^ 
5 of the nonlinear materials may be used for fabrication of WGM 
EOMs. A traveling wave EOM has easier tunability than a 
standing wave modulator. Disadvantage of the traveling wave WGM 
EOM compared with WGM EOM utilizing microwave resonator is 
absence of accumulation of the microwave power in the 

10 interaction region and, hence, weaker modulation for the same 
values of the microwave pump power sent to the system. 
[0064] Periodically poled materials can provide quasi -phase 
matching for light modulation. Domain reversal period A for a 
phase matching between light and microwaves in a planar geometry 

15 is similar to Eq. (2) : 

^-j:'^{V.-^V^{4^s-4^\ (18) 

where it' is assumed that co^ = O)^ cOj^^co^and o)^ , are frequencies of 
20 optical pumping and signal, cOj^^ is the microwave frequency; 

Sp, €s 9 and Sj^f are the pump, signal, and microwave susceptibilities 
of the medium. Eq. (18) may also be written as follows: 
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A=— -rV, (19) 

where ^cj^e m is the phase velocity of microwaves, is group 
velocity for the light. To derive this expression we assumed 
5 that a)p-a>s))6}j^ . 

[0065] The group velocity for the light travelling in WGM 

cavity may be estimated from Eq. (1) . In this regard, an 
analogy between WGM and a mode of a ring fiber cavity is used to 
simplify the computation. For such a cavity, the following 
10 expression can be written: 



M^=v (20) 



where ^^(/l) is an effective susceptibility of the fiber that 

15 takes into account both material and geometrical dispersions of 
the fiber. The group velocity may be introduced as 



20 

where (O^^lnc/Xv . Comparison of Eqs. (2 0) and (21) provides 
v^=i?(fi?,,,-a>J. (22) 

25 
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[0066] Neglecting material dispersion, an expression can be 
derived for an effective group velocity for the main WGM 
sequence : 



c , 0.62 , , 

The group velocity can be a little bit larger than the phase 
velocity because the wave with larger frequency has a longer 
round trip path. We may neglect by the dependence of the group 
10 velocity on the mode order for large we are interested in, and 
rewrite Eq. (19) as 




(24) 



15 Assuming that ^[e^^A.l, 2.l(/lp =1.55//w), and a>^=2;rx 100 GHz, 

it can be computed that A = 0.15 cm. It is worth noting that 
the value of ^[e^ varies depending on the microwave waveguide 
properties . 

[00671 In some implementations for comparably low modulation 
20 frequency, no periodical poling may be necessary. Without 

periodical poling the optimum interaction length for the light 
and microwaves is A/2, where A is determined by Eq. (24). For 

-32". 
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example, in a sub-micro watt photonic microwave receiver using a 
WGM cavity of R = 2 . 3 mm and a?^=2;rx 10 GHz, the interaction 
region is 0.75 cm long, which is approximately a half of the WGM 
cavity rim length. The periodical poling becomes important if a 
5 modulation with a higher frequency in the same large cavity is 
desirable. 

[0068] FIGS. 13A and 13B show one example for a traveling 
wave WGM EOM. Light is sent into a spheroid optical cavity 
fabricated from a Z-cut periodically poled LiNbOa substrate via a 

10 coupling diamond prism. The side-wall of the disc cavity is 
polished such that the cavity becomes a part of an oblate 
spheroid. The optical cavity is placed between two conductive 
plates forming a microwave waveguide that is pumped with an 
external microwave source. The conductive plates in this 

15 example are shown to be stripe electrodes on the edge of the 
optical cavity where the WG modes are present. So the 
electrical oscillation signal guided by the waveguide spatially 
overlaps with the optical WG modes and interact with the optical 
pump and signal waves. In one implementation, when the 

20 microwave frequency corresponds to the free spectral range of 
the WGM cavity and poling period of the LiNbOa is properly 
adjusted to sustain phase matching of the light and microwaves, 
the parametric interaction between input monochromatic light and 
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microwaves occurs. Optical sidebands are generated and the 
outgoing light is modulated. 

[0069] FIG. 13B illustrates an exemplary poling structure to 
achieve interaction between the main sequence of WGMs with the 
5 microwaves. Other poling structures, e.g., examples in FIGS. 9B 
and 12, may also be used. 

[0070] The above exemplary modulator may be designed to 
generate symmetric sidebands shifted from the carrier frequency 
of the input light on the value of the frequency of the 

10 microwave pump. This double sidebands on two opposite sides of 
the carrier are due to a symmetry of the system. The main 
sequence of the WGMs is almost equidistant in a large enough 
cavity. Generally, each pair of the neighboring optical modes 
from the main sequence are phase matched with the microwaves if 

15 at least one set of pump- signal -idler is phase matched. 

[0071] Generation of a single modulation sideband shifted 
from the carrier frequency is sometimes useful in various 
applications such as photonics applications. Examples include 
high density wavelength multiplexing and long haul fiber 

20 transmission. When a double sideband signal is sent through a 
fiber, dispersion of the fiber causes each spectral component of 
the signal to experience different phase shifts. The value of 
the shifts depend on the transmission distance, modulation 
frequency, and dispersion properties of the fiber. This effect 
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results in transformation of the amplitude modulated light into 
phase modulated light and vice versa. Hence, the presence of 
the sidebands on two sides of the carrier can significantly 
complicate the processing of the received signal. In a single 
5 sideband signal transmission, this problem is not so stringent. 
[0072] Properly poled WGM resonators may be used to produce 
single sideband modulators (SSB) using nonequidistant modes of a 
WGM cavity, which generally possess a large variety of modes. In 
a spherical cavity there are nonequidistant radial modes. The 
10 main sequence of those modes is determined by different numbers 
of g for the Airy function in Eq. (1) . 

[0073] In an ideal dielectric sphere, many WG modes are 
degenerate. Changing the shape of the cavity to a non-spherical 
spheroid results in lifting of the azimuthal degeneracy and 

15 appearance of nonequidistant spectrum. A sample of experimental 
spectrum of 4 . 6 mm in diameter LiNbOs oblate spheroid cavity is 
shown in FIG. 14 where nonequidistant modes are present. When 
such a spheroid is utilized for light modulation, microwave 
radiation, resonant with two WGMs, might be off -resonant with 

20 the other relevant WGMs because of strong nondegeneracy of the 
spectrum and. Under this condition, only a single sideband 
generation is possible. 

[0074] The WG modes in a WGM resonator are orthogonal in 
space and overlap geometrically. FIG. 15 shows wave -functions 
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for WG modes with q = 1, 2, and 3. Proper poling, including 
periodical and non periodical poling, may break the 
orthogonality of the WG modes and thus permit interaction 
between optical WG modes with microwaves. The interaction 
5 energy between the optical pump, optical signal and the 
microwave idler modes is similar to Eq. (5) and reads 



v= jx^'^E^E,E^dV , (25) 

V 

10 

where x^^^ is varying in space nonlinearity of the cavity, Ep, Es, 
and Em are the pump, signal, and microwave mode amplitudes, V is 
the volume of the cavity. 

[0075] Referring back to FIGS. 1 and 2, and Eq. (1), the 
15 orthogonality of the WG modes exists in all three dimensions, 
e.g., the z direction perpendicular to the equator plane 102, 
the radial direction within the equator plane 102, and the 
horizontal azimuth angular direction within the plane 102. 
Hence, based on Eq. (25) , if the poling of the nonlinear 
20 material for the WGM resonator can destroy the orthogonality of 
the WG modes in at least one direction of the three directions, 
the interaction of the three fields in Eq. (25) will not be zero 
and hence two different WG modes are coupled through the 3 -wave 
mixing. In Eq. (1) , the mode parameter q is originated from the 
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Airy function and thus represents the spatial distribution of WG 
modes along the radial direction. The mode order v represents 
the spatial distribution of WG modes in the azimuth angular 
direction in the equator plane 120. Hence, a poling structure 
5 can be designed to change the spatial pattern of the nonlinear 
coefficient x*^^ or more of these three directions to break 

the orthogonality of the WG modes and to achieve a coupling of 
two selected WG modes for optical modulation. 
[0076] Referring back to FIGS. 9A and 13B, the poling 

10 structure changes the spatial distribution of the nonlinear 
coefficient x^^^ along the azimuth angular direction and the 
orthogonality of the WG modes. Hence, two WG modes are no 
longer orthogonal in all directions and can couple with each 
other to produce the optical modulation. Two WG modes with 

15 different values for the mode parameter v may be coupled with 
each other through the wave mixing with the microwave. 
[0077] For two WGM modes with indices (vi,gi) and (V2,g2)/ a 
corresponding geometrical two-dimensional poling structure may 
be designed to support the coupling of the WG modes and the 

20 microwaves, resonant with the modes' beatnote. For example, the 
parallel stripe poling patterns in FIGS. 9B and 12 break the 
orthogonality in both the radial and the azimuth angular 
directions to produce the desired nonlinear optical coupling 
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between two WG modes. Hence, two WG modes with different 
combinations of {v, q) may be coupled to cause the optical 
modulation. 

[0078] FIG. 16A shows a periodical poling of lithium niobate 
5 along the radial direction in the WGM resonator with a "circular 
chess structure" to allow for coupling between two WG modes with 
different values of g and the microwave field. The lower part 
in FIG. 16A shows the side view and the upper part shows the top 
view of the cavity. Since the WG modes are primarily present in 

10 the peripheral edge of the resonator, the radial poling pattern 
may be made only near the peripheral edge of the resonator. A 
microwave waveguide or resonator may be specially shaped to 
spatially overlap the microwave with the WG modes and to provide 
the phase matching with the microwave. 

15 [0079] One of the features of a poled WG resonator modulator 
based on interaction of modes with different values in q is that 
the light exits the modes through an optical coupler (e.g., a 
coupling prism) with slightly different angles. It is possible 
to spatially separate the generated sideband and the carrier, 

20 similarly to some acousto-optical modulators. In addition, the 
efficiency of the interaction can be guarantied by almost the 
same high quality factors of modes with small values of q 
[0080] FIG. 16B shows a periodically poled cavity that may be 
used to provide the desired quasi phase matching in a traveling 
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wave modulator. This poling pattern is two dimensional and 
combines the radial poling in FIG. 16A and the azimuth angular 
poling in FIG. 9A. 

[0081] Nondegenerate WG modes with the same v and q, but 
5 different azimuthal numbers 1 are orthogonal in space. The WG 
modes with different I are responsible for less pronounced 
resonances in FIG. 14. The modes interact with microwaves if 
the WGM dielectric cavity is fabricated from two crystal wafers 
with alternating directions of the crystal axis along the z 
10 direction. 

[0082] FIGS. 17A and 17B illustrate two examples of this 
poling structure. In FIG. 17A, the cavity includes a two layers 
of nonlinear optical materials that stacked over each other 
along the z direction 101 shown in FIGS. 1 and 2. The two 

15 layers are poled in opposite directions to allow for coupling of 
two WG modes with different azimuth mode parameter 1. For any 
modes with arbitrary Ii and I2 it is possible to design a 
sequence of slices of the crystal to achieve interaction of the 
light with microwaves. Matching between group velocity of the 

20 light and the phase velocity of the microwaves may be created 
via designing the microwave resonator or waveguide. FIG. 17B 
shows a poling structure that combines the poling patterns in 
FIGS. 17A and FIG. 9A. 
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[0083] Hence, a whispering-gallery-mode dielectric cavity with a 
periodically poled nonlinear material may be designed to have an 
appropriate periodic poling for compensation for the phase 
mismatch among cavity modes caused by cavity material dispersion 
5 and geometrical cavity dispersion. The potential high-quality 
factors and small volumes of the WG modes in such resonators may 
be used to create ultra low-threshold optical parametric 
oscillators, electro-optic modulators, and other devices. 
[0084] Although only a few implementations are disclosed, it is 
10 understood that variations and enhancements may be made. 
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